Studies on stress and its impacts on animals are very important in many fields of science, including animal science, because various stresses influence animal production and animal welfare. In particular, the social stresses within animal groups have profound impact on animals, with the potential to induce abnormal behaviors and health problems. In humans, social stress induces several health problems, including psychiatric disorders. In animal stress models, social defeat models are well characterized and used in various research fields, particularly in studies concerning mental disorders. Recently, we have focused on behavior, nutrition and metabolism in rodent models of social defeat to elucidate how social stresses affect animals. In this review, recent significant progress in studies related to animal social defeat models are described. In the field of animal science, these stress models may contribute to advances in the development of functional foods and in the management of animal welfare.
INTRODUCTION
Although animals and humans are continually affected by environmental stresses, such as heat, infection and aggression, they generally maintain a homeostatic balance via their endogenous strength, namely, resilience (Selye 1956 ). Unfortunately, strong and chronic stresses have marked effects on animal bodies and can induce various disorders. Abnormal behaviors are often observed under conditions of severe stress. In humans, several mental disorders are induced by stress, and major depression is a particularly common disease with a lifetime prevalence of 2%-20% worldwide (Weissman et al. 1996) . Furthermore, stress management in animals, such as livestock, experimental animals and zoo animals, has recently become a more important issue, compared with over the past few decades, because of the increased worldwide focus on animal welfare (Grandin & Shivley 2015) . Therefore, the various aspects of studies on animal stresses warrant investigation.
Social conflicts frequently occur in animal and human societies, and unavoidable stresses can worsen the quality of life in both animals and humans. In our research group, rat and mouse models of social defeat have been developed and characterized in order to elucidate the mechanisms of psychiatric disorders such as depression. Moreover, rodent models of social defeat are applicable to group-housed animals on farms and in zoos, because social interactions among conspecific animals often induce serious stress, particularly in inferior animals. Therefore, the rodent models of social defeat can potentially provide significant and basic information for understanding several of the physiological and behavioral abnormalities induced by social stress between individuals.
Various animal models of depression were developed and widely used in depression studies (Nestler & Hyman 2010) (Table 1) . Forced swimming and tail suspension tests, for example, are popular for screening antidepressants; however, there are serious concerns regarding the predictive validity of such acute stress models (Cryan & Holmes 2005) . Acute administration of antidepressants can cure the 'depressive behavior' in these models, although only chronic administration of antidepressants can alleviate the depressive symptoms in human patients. Among the depression models, the chronic unpredictable mild stress model (Willner 2005 ) and the chronic social defeat stress (CSDS) model (Miczek 1979 ) are more reasonable for depression studies compared to other acute stress models from the points of view of several validities (Cryan & Holmes 2005; Nestler & Hyman 2010) . In particular, the mouse models of CSDS, which have been comprehensively studied using omics techniques, have produced significant knowledge about depression (Krishnan et al. 2007) . Our research group has focused on deficits of behavior, nutrition and metabolism in CSDS models, and in this review recent progress in the use of CSDS models is described.
ANIMAL SOCIAL DEFEAT MODELS
Animals subjected to CSDS are good models for gaining an understanding of psychiatric disorders and abnormal behaviors in animals. Previously, rat (Miczek 1979) , mouse (Krishnan et al. 2007 ) and hamster (Potegal et al. 1993 ) models of CSDS have been reported and extensively studied. Furthermore, pig (Ruis et al. 2001) , zebra fish (Oliveira et al. 2016) , Drosophila (Penn et al. 2010 ) and cricket (Rillich & Stevenson 2014 ) models of defeat have been developed and characterized. Figure 1 shows a popular paradigm for production of mouse models of social defeat, using ICR mice as the resident and C57Bl/6J (B6) mice as the intruder (Golden et al. 2011; Goto & Toyoda 2015a) . Aggressive ICR mice, which are screened before conducting the paradigm, are housed for a few days in a compartment of the home cage divided by a transparent acrylic board, which contains small holes that allow the circulation of odors, pheromones and vocalizations. Thereafter, a B6 mouse is introduced into the territory of an ICR mouse and the ICR mouse typically attacks the B6 mouse, which is characterized by chasing, grooming, and biting (physical stress). After a short duration of aggression, the B6 is moved to a neighbor compartment of the ICR and kept for the remainder of the day (psychological stress). The following day, the B6 mouse is subjected to another ICR mouse in the same manner. In the normal protocol, B6 mice are subjected to 10 daily sessions of physical stress and psychological stress, as described above, and these B6 mice become CSDS models that display various depressive-like features.
Although different versions of the paradigm for developing CSDS models are used for various purposes, it is generally not possible to prevent injuries to B6 subordinates from physical contact. Therefore, our protocol for the paradigm was modified and the duration of physical contact was reduced from 5 min to 30 s each day to minimize the severe injuries Figure 1 Development of a mouse model of social defeat. An ICR mouse is housed in a compartment separated by a transparent acrylic divider containing many holes (a). After a few days of habituation, a C57BL/6J (B6) mouse is introduced into this compartment, and normally the ICR mouse will severely attack the B6 mouse (b). After several minutes of this social conflict, the B6 mouse is moved to an adjacent compartment for the remainder of the day (c). The following day, the B6 mouse is subjected to social conflict with another ICR mouse. This sequence of physical and psychological stress is repeated for 10 days to induce depressive symptoms in the B6 mouse.
derived from biting by ICR mice (Goto & Toyoda 2015a) . Our social defeat paradigm that involves less physical stress is considered to be appropriate for developing mouse models of human depression, because psychosocial and emotional stresses mainly impact human mood and precipitate mental disorders. Actually, our chronic social defeat model of mice showed several depressive symptoms as described below. Recently, a mouse model of defeat has been developed in which the focal mouse is made to witness stress (Sial et al. 2016) . In this paradigm, only mental stress is induced by exposing a B6 mouse to conflict between ICR and B6 mice in an adjacent room. In this paradigm, therefore, the subordinate mouse does not suffer physical stress or wounding. As in the conventional mouse models of social defeat, various depressive symptoms, such as weight loss, decreased social behavior and anxiety, develop in mice that witness stress (Sial et al. 2016) . Because chronic but not acute fluoxetine administration is effective in alleviating the depressive symptoms in model mice, the mice that witness stress satisfy the prediction validity of a depression model. Moreover, it has been reported that a BALB/c mouse model of social defeat shows greater vulnerability to stress than does the B6 mouse model (Savignac et al. 2011) .
Normally, different strains of rodents are used as resident and intruder for the production of models of social defeat. Previously, we attempted to develop a CSDS model using Wistar rats as both resident and intruder; however, it was difficult to induce constant aggressive behaviors in resident Wistar rats. Therefore, we maintained an aggressive colony of Wistar rats as the residents in our laboratory and produced a Wistar rat model of chronic social defeat (Iio et al. 2011) . For the CSDS paradigm in both mice and rats, the aggressive behaviors of residents are considered to be critical to achieve defeat model reproducibly. Since it has previously been described that aggressive ICR mice constantly attack B6 mice in less than 50% of encounters (Golden et al. 2011) , it is important to conduct selection of aggressive residents before performing the CSDS paradigm, in order to produce a successful CSDS model. Recently, variations of the social defeat model, including a juvenile model and a female model have been reported (Iñiguez et al. 2014; Solomon 2017) , and analysis of these models will enable us to gain a better understanding of stress-induced abnormal behaviors and psychiatric disorders such as depression.
BEHAVIORAL ANALYSIS
Mouse and rat models of social defeat have been widely characterized by various experimental techniques. In this section, the behavioral features of the models, particularly those that are important in animal science, are described.
Eating behavior
Some eating disorders, including anorexia and hyperphagia, are frequently observed in depression (American Psychiatric Association 2013), and these symptoms are also observed in depression models. In the Wistar rat model of social defeat developed in our laboratory, the food intake and body weight gain of this rat model were suppressed compared to control rats (Iio et al. 2011 (Iio et al. , 2012a . These results are consistent with those obtained for another rat model of defeat (Rygula et al. 2005) . Therefore, we focused on analyzing the mechanisms whereby food intake is suppressed in the rat model of social defeat (Iio et al. 2012a . Although decreases in blood glucose level and leptin gene expression in adipose tissue were observed in the model rats , the level of malonyl-coenzyme A (CoA), a feeding regulator in the hypothalamus, was elevated (Iio et al. 2012a) . Normally, the level of malonyl-CoA in the hypothalamus is increased by leptin and blood glucose, which suppresses eating behaviors via altered hypothalamic expression of several neuropeptides related to eating behaviors (Lane et al. 2008) . Considering the peripheral metabolism of the rat social defeat model, it was assumed that the level of hypothalamic malonyl-CoA would be decreased. However, despite the low levels of peripheral leptin and blood glucose in the defeat model, the level of hypothalamic malonyl-CoA was abnormally increased to induce anorexia (Iio et al. 2012a) . Furthermore, signals downstream of hypothalamic leptin in the rat social defeat model appeared to be normal . Consequently, CSDS may perturb the regulation of hypothalamic malonyl-CoA. In addition, anorexia in depressive patients may be linked to hypothalamic malonyl-CoA. Hence, by targeting malonyl-CoA and its related enzymes in the hypothalamus, it may be possible to develop novel therapeutic drugs for anorexia.
Eating behaviors have also been investigated in the mouse model of chronic social defeat. Krishnan et al. (2007) reported that CSDS decreases food intake and body weight in B6 mice. In contrast, Goto et al. (2014) described that CSDS does not decrease food intake, but instead increases body weight gain following polydipsia-like features. Because body water content also increases in CSDS mice compared to control mice, increased body weight gain may be attributable to polydipsia (Goto et al. 2014) . Differences in the food intake and body weight of CSDS mice are considered to be dependent on factors such as the experimental environment, breeder and feed, although the details are unknown. The food intake and body weight of CSDS mice may be influenced by the strength of physical contact with resident ICR mice. Indeed, a previous report has described that 10 days of CSDS (10 min/day) does not change body weight, but that 10 days of CSDS during which the intruder suffers only one defeat daily increases body weight compared to control mice (Savignac et al. 2011 ). As mentioned above, in order to reduce physical stress, such as that resulting from injuries inflicted by ICR mice, the protocol of the subchronic and mild social defeat stress (sCSDS) model has a reduced contact time with ICR compared to the standard protocol (Golden et al. 2011) ; therefore, sCSDS animals may not experience the severe stress that decreases food intake and body weight (Goto et al. 2014) . As increases in food consumption and body weight gain are observed in depressive patients (American Psychiatric Association 2013), sCSDS mice will be a good model of depression associated with such symptoms. However, there may not be a simple correlation between the intensity of physical stress and food consumption and body weight gain, because a previous report has described that witnessing stress can also decrease body weight (Sial et al. 2016) . A detailed analysis of this issue should therefore be carried out in the future. Furthermore, social defeat models of livestock should be developed and intensively investigated, because there is little information about the effects of social defeat stress on feeding and growth. Neuropeptides related to eating behaviors are known to be linked to depression (Lutter & Nestler 2009) , and analysis of feeding behavior and related neuropeptides in various stress models may provide important insights into eating disorders and deficient body weight control.
Depression-like behavior
It is difficult to evaluate depressive behaviors objectively in mice and rats. What is the behavior associated with the face validity of the depression model? The forced swimming test (FST) and tail suspension test (TST) have been used to evaluate depression-like behaviors (Porsolt et al. 1977; Steru et al. 1985) . Drugs showing antidepressant effects have been widely screened using the FST and TST, because some antidepressants can shorten the immobile behavior in these tests. Unfortunately, acute administration of antidepressants can reduce the immobility time in FST and TST, which is not consistent with clinical situations (Cryan & Mombereau 2004) . In general, antidepressants are effective for depressive patients in chronic administration, but not acute administration. Therefore, drug screening using the FST and TST is not based on predictive validity for depression. Moreover, the immobility time of the FST was extended in CSDS rats (Iio et al. 2011) , but the immobility time of the FST and TST was not changed in sCSDS mice (Goto et al. 2014 ). In the case of bipolar disorder model mice, it has been reported that the immobility time of the FST was unexpectedly reduced (Kasahara et al. 2016) . Collectively, the depression-like symptoms of mice and rats cannot be completely reflected in evaluation tests of despair such as the FST and TST. Accordingly, social interaction tests have been used to evaluate depression-like behaviors in social defeat models (Fig. 2a ) (Golden et al. 2011; Goto et al. 2014; Goto & Toyoda 2015a) . As shown in Figure 2a , a B6 mouse was introduced into an open field arena with or without an ICR mouse in a wire mesh box. The duration for which the B6 mouse remains in the interaction and corner zones are measured. Since normal and healthy B6 mice are motivated to explore, the B6 mouse approaches the ICR mouse (Fig. 2b) . However, a B6 mouse subjected to CSDS avoids the ICR mouse (Fig. 2c) , although, interestingly, some populations of CSDS mice show stress resilience characteristics (Krishnan et al. 2007 ). Various studies focusing on the difference between resilience and susceptibility have been carried out on the central nervous system (Krishnan et al. 2007; Golden et al. 2013; Bagot et al. 2015) and the immune system (Hodes et al. 2014) , because the underlying mechanism of this stress vulnerability is likely to be linked to the pathology of depression. Recently, we revealed that resilience to social defeat stress is affected by diet (Goto et al. 2016a) . Namely, mice fed a non-purified diet (MF) are more resilient than those fed a semi-purified diet (AIN-93G), although the mechanisms underlying this difference are not known. In future studies, the dietary substances that enhance stress resilience should be identified. Indeed, Yao et al. (2016) reported that the sulforaphane and glucoraphane contained in broccoli enhance resilience to social defeat stress. Therefore, it is assumed that various natural resources and foods, including plants and fruits, could increase stress resilience, and in the future, it will be fruitful to explore candidates for the medication of depression using social defeat models.
METABOLIC FEATURES OF RODENT MODELS OF SOCIAL DEFEAT
As described above, social defeat models have been analyzed using various biochemical and molecular biological methods, including comprehensive methods such as DNA microarrays (Krishnan et al. 2007) . Recently, using metabolomics, we attempted to identify the metabolic pathways influenced by CSDS. Taurine levels in the liver and plasma of CSDS rats were shown to be higher than those in control rats (W. Iio et al., unpublished data) . Similarly, a clinical report has described that blood taurine concentrations in depressed patients are higher than those of controls (Altamura et al. 1995) . Although details are unknown, depressive symptoms may be linked to blood and tissue taurine. Therefore, we focused on the effect of taurine on behavior and the central nervous system. Iio et al. (2012b) reported that taurine supplementation for 4 weeks had antidepressant-like effects because chronic taurine decreases the immobility time of the FST. Furthermore, Murakami and Furuse (2010) reported that chronic taurine administration produced antidepressant-like effects in mice. We therefore attempted to elucidate the hippocampal signal cascades that play a key role in depression in rats fed taurine (Iio et al. 2012b) . Taurine supplementation for 2 weeks (45 mmol/kg diet) did not affect behavior in the FST; however, AKT, GSK3b, ERK, and CREB were phosphorylated. Finally, CaMKII was phosphorylated for 4 weeks concomitant with taurine feeding, suggesting that phosphorylation of CaMKII is critical in the antidepressant-like action of taurine (Iio et al. 2012b) .
Metabolome studies were conducted in the plasma, liver and cecum digesta of sCSDS mice (Goto et al. 2015b; Aoki-Yoshida et al. 2016) . Although no significant change was observed in the plasma metabolome of model mice, metabolites such as taurocyamine (GES), phosphorylcholine, alanyl-alanine, and 1-methylnicotinamide, in the liver were increased by sCSDS (Goto et al. 2015b) . GES is a metabolite located downstream of taurine, and thus social defeat stress may have a general effect on taurine metabolism in the liver.
Social defeat stress causes brain dysfunction following inflammation in the peripheral tissues and central nervous system (McKim et al. 2016) . Although the mechanisms whereby liver taurine and GES levels are increased by social defeat stress are unclear, the anti-inflammatory actions of taurine and its derivatives may be important for liver function under stressful conditions (Marcinkiewicz & Kontny 2014) . Inflammation is, nevertheless, profoundly related to mental illness (Mechawar & Savitz 2016) , and therefore future studies are needed to determine whether taurine supplementation would be effective in alleviating mental illness-related inflammation. Increases in cholic acid and decreases in 5-aminovaleric acid (5-AV) have been observed in the cecal contents of sCSDS mice (Aoki-Yoshida et al. 2016) . Since cholic acid is an antagonist for Nmethyl-D-aspartate (NMDA) and c-aminobutyric acid (GABA) receptors (Schubring et al. 2012) , increased cholic acid in the cecum digesta may affect the peripheral and central nervous systems. In addition, 5-AV modifies GABA neurons via various mechanisms (Nanavati & Silverman 1989; Fritsche et al. 1999) , including inhibition of GABA uptake (Tasaka et al. 1989) , inactivation of GABA aminotransferase (Nanavati & Silverman 1989) , and acting as an agonist and antagonist for GABAb receptors. Furthermore, 5-AV suppresses convulsions in an epilepsy model (Dhaher et al. 2014) . The decrease in 5-AV in the cecum of sCSDS mice may also affect neuronal activities and behaviors related to depression.
PERSPECTIVES FOR THE APPLICATION OF RODENT MODELS TO ANIMAL SCIENCE
Finally, I would like to describe the possible contributions that the study of rodent models of social defeat could make to animal science. The functional ingredients of animal products that prevent depression could be discovered by nutritional approaches using CSDS models. Furthermore, CSDS models will provide meaningful knowledge regarding animal welfare, particularly the management of social conflicts.
Discovery of foods and nutrients for the prevention of depression
It is believed that rodent models of social defeat are suitable for discovering foods and nutritional factors that could potentially play a preventative role in depression. Given that there are antidepressant-resistant patients, novel types of antidepressants such as ketamine, an NMDA receptor antagonist, are needed for clinical intervention (DeWilde et al. 2015) . Recently, nutritional functionality has received attention with respect to the prevention of depression, because the intestinal environment and microbiota appear to be closely linked to various mental disorders (Lang et al. 2015; Stilling et al. 2016) . Rodent models of social defeat will provide appropriate information regarding the type of nutrition suitable for preventing and treating depression. Unfortunately, it may be difficult to screen foods using social defeat models because some skills are needed for development and characterization of the defeat models. Simple and easy methods should therefore be developed for such screening using social defeat models.
Recently, we discovered that sCSDS mice delay nestbuilding behavior (Otabi et al. 2016) . Mouse nesting behavior is a complex, innate and goal-directed behavior (Kinder 1927; Van de Weerd et al. 1997) , and nest building requires attention related to particular areas of the frontal cortex and hippocampus (Kolb 1984; Carter et al. 2000; Deacon et al. 2002 Deacon et al. , 2003 Filali & Lalonde 2009) . Because attention deficit is observed in depressive patients, nesting delay in sCSDS mice may represent one of the symptoms of depression. The deficiency in nest building behavior has been identified in various mouse mental illness models, including that of schizophrenia (Takao et al. 2013) , whereas sCSDS mice can finally complete nests (Otabi et al. 2016) . Similar symptoms have also been observed in a mouse model of Down's syndrome, and the symptoms of this delay in nest building were improved by antagonists of serotonin (5-HT) receptor 2A (Heller et al. 2014) . Otabi et al. (2017) reported that acute social defeat stress also delays nest building and that this delay is partially rescued by a 5-HT2A receptor antagonist. Therefore, a paradigm that consists of acute social defeat stress and an evaluation of nest quality will be a convenient tool for screening functional foods and reagents that could potentially contribute to the prevention and treatment of depression. Furthermore, in the future, automatic analysis systems for the evaluation of nest quality should be developed for efficient screening (Okayama et al. 2015; Goto et al. 2016b ).
Application to animal welfare
Group-housed livestock are constantly affected by social stress and conflict. Because the social ranking in group-housed pigs affects growth performance (Desire et al. 2015) , it is very important for livestock farmers to successfully manage social conflict and hierarchy in livestock. Comprehensive studies on nutritional and metabolic features in rodent models of social defeat will promote the development of feed additives that could reduce the distress effects attributable to social stress and increase resilience in livestock. In this regard, a recent publication has described that feedstuffs for cattle affect not only meat quality but also animal welfare (Carrillo et al. 2016) , and that blood cortisol levels strongly indicate that grass-fed animals may experience less stress than grain-fed individuals (Carrillo et al. 2016) . Although the quality of feed has a profound effect on livestock welfare, it remains difficult to conduct comprehensive and reproducible studies on this issue using livestock. We have found that feed purity influences stress resilience in mice (Goto et al. 2016a, b) ; therefore, we believe that rodent models provide relevant information relating to feeding management under stressful conditions. Moreover, zoo animals are exposed to various stresses, and abnormal behaviors such as pacing are frequently observed (Koyama et al. 2012) . In addition to environmental enrichment, efforts should be made to discover the feeding conditions that could suppress such abnormal behaviors in zoo animals.
Conclusion
Recent studies have revealed that observations on socially defeated rodents can potentially contribute not only to research on depression but also to various studies in animal science. This is because there probably exists a common mechanism for coping with stress in any social group of animals, including humans, experimental animals, livestock and zoo animals. Animal science researchers are expected to utilize and study the social defeat model from various aspects, which will promote a global understanding of the effects of social stress on animal nature.
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